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There is an opportunity to radically reduce the costs of experimental 
research while improving it by supporting the development of free and 
open source hardware (FOSH) for science and engineering. By harnessing 
a scalable open source method, federal funding is spent just once for the 
development of scientific equipment and then a return on this investment 
is realized by direct digital replication of scientific devices for only the costs 
of  materials.
FOSH for science and engineering has been growing at a rapid pace and 
already supports many fields. Scaled peer production and digital replica-
tion reduce traditional costs by 90–99 percent, making scientific equipment 
much more accessible not only for research but also for preparation of the 
next generation of scientists and engineers as research-grade tools are avail-
able for science, technology, engineering, and math (STEM) education.
I propose four straightforward and negative-net-cost policies to support 
FOSH development and improve access to scientific tools in the United 
States. The policies will directly save millions in research and STEM educa-
tion expenditures, while providing researchers and students access to better 
equipment, which will promote advances in technology and concomitant 
benefits for the US economy.
Joshua M. Pearce
Impacts of Open Source Hardware in 
Science and Engineering
Free and open source hardware can reduce research 
and education costs, increase access, and enhance 
scientific and technological progress.
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The Problem of High-Cost  
Proprietary Scientific Equipment
Scientists all over the world have limited access to the 
best scientific tools largely because of the inflated  prices 
of proprietary scientific equipment for experimental 
research (Pearce 2014). This slows the rate of scientific 
development in every field. Even American scientists, 
who have dominated research expenditures for decades 
and have the most well-equipped research labs in the 
world (NSB 2012), rarely have access to a complete col-
lection of the best tools to do their work.
In addition, the high costs of scientific instruments 
often limit access to exciting and engaging labs in both 
K–12 and university education (Gutnicki 2010) as there 
is simply not enough lab-grade equipment available at 
reasonable prices for everyone to use. This  weakens 
recruitment into STEM fields and results in a drain on 
scientific talent for the future.
Historically, the scientific community had to choose 
one of two suboptimal paths to participate in state-of-
the-art experimental research: (1) purchase high-cost 
proprietary tools or (2) develop equipment largely from 
scratch in their own labs, which can have an enormous 
time investment penalty resulting in high personnel 
costs.
The high cost of modern scientific tools thus excludes 
many potential scientists from participating in the sci-
entific endeavor and slows technical progress in all 
laboratories.
Solution: Free and Open Source Hardware  
for Science and Engineering
A new option is emerging: low-cost, often highly 
sophisticated and customized scientific equipment is 
being developed as free and open source hardware, simi-
lar to free and open source software (FOSS) (Fisher and 
Gould 2012; Pearce 2012).
FOSS is computer software that is available in source 
code form and can be used,  studied,  copied, modified, 
and redistributed either without restriction or with 
restrictions only to ensure that further recipients have 
the same rights under which it was obtained: free, or 
libre.1 Under similar rights, FOSH provides the “code” 
for hardware—including the bill of materials, sche-
matics, instructions, computer- aided designs (CAD), 
and other information needed to  recreate a physical 
1 The term “libre” has been adopted to convey the freedom (of 
access, use, and discovery) that comes with free and open source 
materials, not only the lack of cost.
 artifact—and enables improved product innovation in 
a wide range of fields (Fisher and Gould 2012; Hienerth 
et al. 2014; Pearce 2014).
FOSH in the Laboratory
The open source paradigm combines three-dimensional 
(3D) printing with open source microcontrollers run-
ning on FOSS (Pearce 2012, 2014), and hundreds of 
scientific tools have already been developed to allow 
free access to plans (Pearce 2014). For example, in 
DNA nanotechnology labs, gel scanners, horizontal 
electrophoresis gel molds, and homogenizers for gener-
ating DNA-coated particles can all be fabricated using 
an open source approach for up to 90 percent less than 
commercially offered tools (Damase et al. 2015). Simi-
larly, there is a long list of open source money-saving 
tools for biology labs—microscopes, centrifuges, hot 
plates, magnetic stirrers, waveform generators, EEGs, 
and Skinner boxes, to name a few (Baden et al. 2015).
Scientists and research engineers design, share, 
and build on one another’s work to develop scientific 
tools (Harnett 2011). For example, open source micro-
controllers like the Arduino are being used for a variety 
of chemical educational tools, from simple  colorimeters 
and pH meters to automated titrators, data loggers, and 
generic control devices for automated assays (Urban 
2014). An open source Python framework has been 
developed for the Arduino that offers even more flex-
ibility for applications, such as high-voltage power 
supplies, pressure and mass flow controllers, syringe 
pumps, multiposition valves, and data recording systems 
( Koenka et al. 2014).
Open source microcontrollers can also be used for more 
sophisticated and targeted applications like the electro-
chemical pretreatment of boron-doped diamond elec-
trodes (Rosa et al. 2017) and radial stretching systems 
with force sensors (Schausberger et al. 2015), saving hun-
dreds of dollars, and a robot-assisted mass  spectrometry 
assay platform (Chiu and Urban 2015) and  automated 
The high cost of  
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peptide synthesizer 
(Gali 2017), saving over 
$25,000.  Other groups are 
developing open source 
electronics to provide 
Big Data–like Internet 
of Things (IoT) meter 
 devices for smart and 
energy-efficient buildings 
(Pocero et al. 2017) and 
sensor and computational 
platforms for smart cities 
(Jiang and Claudel 2017).
Open source electronics 
also drive open source 3D 
printers like the replicating 
rapid prototyper (RepRap) 
( Anzalone et al. 2015; 
Jones et al. 2011), which 
can be used to manufac-
ture high- quality scien-
tific tools. Even complex 
manufacturing designs are 
free, and it is just as easy 
to replicate an $850 mag-
netic test tube rack as it is 
to make an inexpensive rack. Researchers at the Univer-
sity of Washington became frustrated with the exorbitant 
prices for commercial magnet racks and designed an open 
sourced 3D-printable tube magnet rack.2 As the magnets 
are available for about $6 each it is possible to economi-
cally justify the purchase of a $500 RepRap 3D printer 
(Wittbrodt et al. 2013) for a lab to download, print, and 
avoid the cost of a single commercial magnetic rack.
The 3D printer can then be used to make a long list of 
progressively more sophisticated and costly tools (Baden 
et al. 2015; Pearce 2014). And sharing digital designs 
and 3D printers can be used to attempt new experiments 
with, for example, chemical reactionware (Kitson et al. 
2013; Symes et al. 2012), or polymer laser–welded heat 
exchangers (Arie et al. 2017), which are fabricated with 
an open source system shown in figure 1.
The most powerful and expensive open source scien-
tific equipment combines 3D printing and open source 
electronics. For example, several approaches have been 
shown to decrease costs for microfluidics platforms, 
saving researchers $2,000 or more (Pearce et al. 2016; 
2 Acadey 96 well plate/0.2 mL strip tube magnet rack (www. 
thingiverse.com/thing:79430).
Tothill et al. 2017). A single automated device such as a 
filter wheel changer can be built in a day for $50, replac-
ing inferior commercial tools that cost $2,500 and have 
long lead times (Pearce 2012).
Not only has a 3D-printable open source optics 
library been developed (Zhang et al. 2013) and expand-
ed (Gopalakrishnan and Gühr 2015; Salazar-Serrano 
et al. 2017), but scientists are pushing ever more com-
plex tools such as an automated 3D microscope, sav-
ing several thousand to over $10,000 (Wijnen et al. 
2016a).
Open source 3D printers driven by open source elec-
tronics can even become scientific tools themselves, 
as when they are used to make thin silica gel layers in 
 planar chromatography (Fichou and Morlock 2017). 
This is particularly easy if they are controlled with 
 Franklin, an open source 3D motion control software 
suite (Wijnen et al. 2016b) that has been used to con-
trol an automated mapping four-point probe ( Chandra 
et al. 2017) and a 3D scientific platform (figure 2; 
Zhang et al. 2016), which can be used for laboratory 
auto-stirring and measuring as well as automated fluid 
handling and even shaking and mixing, taking the place 
FIGURE 1 An open source polymer laser welding system composed of 3D-printed parts and controlled 
with open source electronics (Laureto et al. 2017). This system is used to make novel heat exchangers 
with additive manufacturing of polymer sheets.
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of  dedicated open source tools like the simple mixer 
shown in figure 3 (Dhankani and Pearce 2017).
FOSH in the Classroom
FOSH methods offer the potential to radically reduce 
the costs of not only doing science but also training 
future scientists (Pearce 2013). For example, open 
source electronics can aid in chemical education 
(Urban 2014), and FOSH can be used to help teach 
young students programming skills (Hill and Ciccarelli 
2013), reduce costs in physics education (Zhang et al. 
2013), and teach mechatronics (Kentzer et al. 2011).
An entire university classroom of physics optics set-
ups can be printed in-house for $500 using a selection 
of predesigned components from the open source optics 
library on an open source 3D printer, replacing $15,000 
of commercial equipment (Zhang et al. 2013). This 
would save over $66 million if scaled only to the basic 
physics labs in US degree-granting institutions, and 
over $500 million if scaled to all US public and private 
secondary schools.3
Scaling and Returns on Investment in FOSH
Clearly there is an enormous return on investment 
(ROI) possible for funders of scientific research and for 
STEM education by investing in the development of 
FOSH for all the sciences, basic and applied (Pearce 
2016).
To fully take advantage of the scalability of FOSH for 
the benefit of both areas, the United States must imple-
ment policies that allow knowledge to scale horizontally. 
Such scaling will be accomplished by federal funding 
spent only once for the development of scientific equip-
ment, followed by an immediate ROI through the digital 
replication of devices for no more than the costs of mate-
rials. In this way research-grade scientific instruments 
will be much more accessible at every level of the educa-
tional system and a greater percentage of America’s sci-
entists will be able to participate in experimental science.
3 US Department of Education, National Center for Education 
Statistics, Digest of Education Statistics (http://nces.ed.gov/ 
programs/digest/2013menu_tables.asp).
FIGURE 2 Open source 3D platform for low-cost scientific 
instrument ecosystem. Mounted on the end effector is a USB 
microscope (Wijnen et al. 2016). In the background is a standard 
fused filament print head (grey), which was used to print out 
the syringe pump used for fluid handling (foreground) as well as 
the various scientific and engineering tools shown on the left in 
yellow plastic (e.g., pcb mill, glass stir rod holder). Details are 
available in Zhang et al. (2016).
FIGURE 3 An open source 3D-printed sample holder and 
laboratory sample rotator mixer and shaker controlled with an 
open source Adafruit pro trinket microcontroller (Dhankani and 
Pearce 2017).
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The ROI thus goes beyond simply funding labo-
ratories themselves. Improvements in science lead 
to improvements in technology, which can in turn 
enhance virtually every aspect of the economy (Salter 
and Martin 2001). Historically the ROI were on the 
order of 20–70 percent (Salter and Martin 2001), but a 
study of the ROI for funders on the design of an open 
source syringe pump (Wijnen et al. 2014) found that it 
was as much as 1,000 percent after only a few months 
(Pearce 2016).
Four Policies to Accelerate FOSH Development
To foster double- and triple-digit returns on investment, 
four policies are needed to support scientific FOSH 
development in the United States:
1. Form a task force of the National Academies of Sci-
ences and Engineering (NAS and NAE) to identify the 
best opportunities to realize strategic national goals and 
a high ROI for the creation of open source scientific 
hardware. The country’s largest current expenditures 
on equipment should be determined along with likely 
future expenditures. This goes beyond cataloguing the 
largest single-point expenditures to tools used across 
many disciplines and found in labs throughout the 
country. The value, VUSA, can be maximized by
VUSA = c j ×nj
i=1
NUSA
∑
where NUSA is the total number of labs in the United 
States, cj is the cost per unit of j instrument, and nj is the 
number of j instruments in i lab.
The resulting list of high-ROI equipment can then 
be compared against the existing (and rapidly growing) 
list of libre hardware to determine the primary targets 
for policy 2 (below). Beyond the highest national value 
equipment, the task force could also rank all science-
based purchases from internationally sourced suppliers 
by value (following the equation above), so that equiva-
lent (or superior) open source devices could be identi-
fied as either existing or needing to be developed for 
policy 2. Such information could assist national goals 
such as improving balance of trade and reshoring manu-
facturing in the United States (see policy 4).
2. Earmark federal funding for the development of FOSH 
scientific equipment identified from policy 1. This can 
be accomplished with a combination of traditional calls 
for proposals for academic grants and programs like 
the Small Business Innovation Research (SBIR) and 
Small Business Technology Transfer (STTR) programs. 
National contests like the XPRIZE or “first to make” 
can promote progress toward specific technical goals 
by offering “bounties.” All federal funding for scientific 
hardware should be directed to FOSH projects via a pur-
chasing preference. Last, because of the high ROI of 
such projects, funding for FOSH scientific equipment 
design should be prioritized over current offerings for 
hardware purchase.
As with proprietary tools, all FOSH scientific designs 
should be vetted, tested, and validated. This work needs 
to be funded with high priority. This step will largely 
eliminate the technical risks for labs to adopt the use of 
the hardware, while at the same time ensuring that sci-
entific equipment no longer becomes obsolete, as pro-
prietary systems do when a company loses key personnel, 
discontinues a product line, or goes out of business.
3. Create a national free online database of tested, 
 vetted, and validated FOSH, with the bill of mate rials, 
digital designs, instructions for assembly and opera-
tion, and source code for all software and firmware. 
Efforts on this front have been started at the Univer-
sity of  California, Berkeley’s Tekla Labs, which created 
a library of open source documents for the construction 
of more than 150 quality pieces of lab equipment. Simi-
larly, the NIH 3D Print Exchange in the custom lab-
ware category has begun doing this on the national level 
(https://3dprint.nih.gov/) (Coakley et al. 2014; Coakley 
and Hurt 2016).
To be included in the database FOSH tools must 
undergo peer review. To this end scientific publishers 
are providing venues for scientists and engineers to pub-
lish their validated studies of scientific FOSH with new 
journals such as HardwareX (Elsevier) and the Journal of 
Open Hardware (Ubiquity) as well as open access jour-
nals that support open hardware such as PLoS One and 
more conventional specialty journals and instrumenta-
Federal funding for scientific 
hardware should be directed 
to FOSH projects via a 
purchasing preference. 
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tion journals (e.g., Journal of Laboratory Automation). 
Papers that do not disclose the source of the hardware 
should be discouraged as largely unhelpful to the scien-
tific enterprise.
4. To provide incentives for US entrepreneurs to scale 
production of manufactured components that are not 
easily digitally distributed (e.g., microcontrollers, 
 sensors, actuators—often called “vitamins” as they are 
necessary to make a piece of FOSH equipment), enact 
purchasing policy preferences at all levels of govern-
ment for validated FOSH (policies 2 and 3) for gov-
ernment labs and all government-funded projects. 
As the  United States has some of the world’s leading 
open source firms (e.g., Red Hat is a $1 billion/year 
FOSS company, and FOSH companies like Sparkfun 
 Electronics and Adafruit Industries produce millions 
of dollars of revenue a year), a preferential purchasing 
policy would also support “Made in the USA”–related 
employment. Last, to bring traditionally closed source 
companies to the open source way, consider tax ben-
efits to save companies development money (e.g., an 
enhanced tax deduction for FOSH release of valuable 
hardware determined by policy 1).
Conclusions
It is well established that knowledge sharing via net-
worked science has incredible power and scales well 
(Lang 2011; Salter and Martin 2001; Woelfle et al. 
2011). “Crowd science” (Young 2010), “citizen sci-
ence” (Wiggins and Crowston 2011), “networked 
science” (Nielsen 2011), and “massively collabora-
tive science” (Franzoni and Sauermann 2014) will all 
benefit from low-cost scientific hardware, enabling 
practitioners and collaborators to go far beyond what is 
possible with software and computer simulation alone.
Latterly scaled peer production and replication of free 
and open source scientific hardware generally provide 
savings of 90–99 percent of the traditional costs, mak-
ing scientific equipment much more accessible for both 
research and STEM education. To accelerate the devel-
opment and use of FOSH for science, this paper suggests 
four negative-net-cost federal policies:
1. formation of an NAS/NAE task force to identify 
opportunities to realize strategic national goals and 
a high return on investment for creation of FOSH 
scientific tools, 
2. a shift in federal funding from proprietary equipment 
to the development of scientific FOSH, 
3. creation of a free online catalogue of validated scien-
tific FOSH with vetted peer-reviewed designs, and 
4. purchasing policy preferences for FOSH for all gov-
ernment-funded projects as well as tax incentives for 
businesses to adopt FOSH protocols.
Given the incredible ROI of the open source para-
digm (a minimum of 100 percent ROI), the policies can 
be implemented at no net cost.
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